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ABSTRACT
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___________________________________________

The round goby is an aggressive and prolific bottom dwelling fish species
that threatens native economically and ecologically important fish in the Great
Lakes.

Its reproductive success may be mediated by the use of sex

pheromones, with males attracting reproductive females to nests for spawning.
As steroids have repeatedly been shown to function as conspecific signalling
molecules (pheromones) mediating reproductive processes in teleosts, round
goby males may release specific steroidal compounds to function as attractants
to reproductive females. In this study, measurement of olfactory epithelial activity
through electrolfactogram (EOG) analysis has shown that odors released by
reproductive round goby males are potent olfactory stimulants to reproductive
female round gobies, but not to nonreproductive phase animals. Reproductive
females responded significantly greater than non-reproductive females to
methanol soluble organic extract of water that contained reproductive males, a
preparation designed to trap hydrophobic compounds such as steroids. Specific
HPLC fractions of this extract also evoked strong EOG responses in reproductive
females, but not in reproductive females. Organic extracts and HPLC fractions of
water occupied by nonreproductive males failed to elicit these responses.
Putative sex pheromones isolated from gonadal incubations (in a parallel study),
with HPLC elution properties matching the HPLC fractions with high EOG
potency, evoked concentration dependent olfactory responses in reproductive
female round gobies.

Responses to 10'8 M concentrations of the steroids

etiocholanolone-glucuronide,

11-keto-etiocholanolone

and
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11-keto-

etiocholanolone glucuronide, were larger in reproductive females than in
nonreproductive females. These findings lend support to the hypothesis that the
reproductive pheromone released by male is a steroid.

The greater olfactory

responsiveness of reproductive females to L-alanine, conspecifc odours and
putative pheromones than non-reproductive females, suggests that reproductive
status may influence the ability of female round gobies to perceive pheromones
and other odorants.

iv
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STUDY OBJECTIVES_________________________________________________

This thesis is part of an interdisciplinary project aimed at decoding the
chemical

communication

that

occurs

during

round

goby

(Neogobius

melanostomus) reproduction. The identification of these reproductive signalling
molecules

(sex

pheromones)

requires

the

behavioural and biochemical experiments.

integration

of

physiological,

Included in this research, is the

monitoring of olfactory epithelial responses of female round gobies during the
pheromone isolation procedure.

The goal of my research was to observe the

responses of those females that were more likely to have a need for pheromones
in their natural habitat - the reproductive females. I observed the responsiveness
of females to various conspecific odours and to putative sex pheromones
identified in male round gobies.

There were four main objectives to my thesis.
1-

To assign criteria for identifying female round goby’s reproductive phase

2-

To quantify the olfactory epithelial responses of reproductive females to
fluids that may contain sex pheromones

3-

To use olfactory epithelial activity assays to track stimulatory compounds
during pheromone isolation.

4-

To examine the olfactory epithelial stimulatory properties of steroids
identified as putative pheromones from parallel biochemical experiments.

1
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Knowledge of the nature and function of external chemical compounds
that are detected by the olfactory system, and that can induce behavioural and
physiological changes in an organism, is a powerful tool that can be applied to
many fish culture and management practices. Pheromone manipulation of fish
behaviour and physiology may be a practical method to control exotic pest
species.

Pheromones have proven successful in the control of insect pests of

agricultural crops (review by Shani 2000).

Reproductive pheromones used by

sea lamprey {Petromyzon marinus) may be used for the purpose of population
management (Li et al. 2002; Sorensen 2003). Pheromonal methods of pest
control may be less expensive and labour intensive, and more direct and species
specific, than traditional methods that involve male sterilization and piscicides
(Hanson and Manion 1980; review by Wiley and Wydoski 1993).

2
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INTRODUCTION_____________________________________________

i- GENERAL INFORMATION
Chemical communication is believed to be involved in a variety offish
behaviours including reproduction (Sorensen and Caprio 1998). Odours are used
in chemical communication because of their universal nature and because they
are discriminated with great sensitivity and specificity by the vertebrate olfactory
system. Odours are signals that can be dispersed and detected in dark or noisy
environments (Stacey and Sorensen 2003).
Karlson and Lucher (1959) described pheromones as substances that are
secreted to the outside by an individual and received by a second individual of
the same species, which releases a specific reaction such as a definite behaviour
or a developmental process. They also indicated that the pheromones, acting as
chemical messengers, should be active in minute amounts, be relatively speciesspecific and should have only limited molecular overlap between closely related
species. Sorensen and Stacey (1999) proposed that a reproductive pheromone
be defined as “a substance, or mixture of substances, which is released by an
individual and which evokes a specific and adaptive reproductive response in
conspecifics, the expression of which does not require specific learning.”

3
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Fish Olfaction
Chemical compounds that act through the olfactory system in fish can be
categorized into four main classes: amino acids, bile acids, prostaglandins and
sex steroids (including their metabolites) (review by Sorensen and Caprio 1997).
Amino acids are important olfactory stimuli in fishes (reviewed by Sorensen and
Caprio, 1997). Amino acids appear to be detected by all fish, and function as
feeding cues (Hara 1992). Unsaturated L-°c amino acids (Figure 1) containing
unbranched and uncharged side chains are the most effective olfactory stimuli
(Hara 1993). In adult rainbow trout (Oncorhynchus mykiss) amino acids detected
through olfaction (L-alanine, L-proline and L-leucine) release the initial sequence
of food searching and biting/snapping behaviours (Valentincic and Caprio 1997).
It has been suggested that amino acids also serve as social cues in goldfish
(Carassius auratus) (Saglio and Fauconneau 1985).

1

NH2

o

HO

Figure 1 : Chemical structure of the amino acid L-alanine.

4
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Bile acids are steroids produced by the vertebrate biliary system to
function as detergents to solubilize ingested fats that are then either reabsorbed
or released to the environment (Gartner and Hiatt 1997).

Bile acids (bile salts)

are polar derivatives of cholesterol (Figure 2). They are formed in the liver from
cholesterol, and secreted into the gallbladder. The bile acids eventually pass via
the bile duct into the intestine, where they aid digestion of fats and fat-soluble
vitamins (Silverthorn 1998).

They are released to the external environment

where they function as social and migratory cues to some fish including
salmonids (Doving et al 1980; Hara et at 1984), goldfish (Sorensen et at 1987),
channel catfish (Erickson and Caprio 1984), and sea lamprey (Li and Sorensen
1991, 1997; Li et al 1995). Recently, it has been discovered that a bile acid
released by male sea lamprey acts as a sex pheromone (Li et al. 2002).

CH
OR.
CH

OH

HO
H

= OH, H
R2 = H, NHCH2COOH, NHCH2CH2SO30
Figure 2 : Chemical structure of a bile acid

5
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Prostaglandins (Figure 3) are fatty acids that are traditionally associated
with a variety of autocrine and paracrine functions in the vertebrate body. They
are found in many vertebrate tissues where they act as messengers involved in
reproduction.

The

olfactory system

of goldfish

is sensitive

to

F-series

prostaglandins (PGF’s). F-series prostaglandins are post-ovulatory pheromones
that stimulate male sexual arousal (Sorensen et al. 1988). The post-ovulatory
pheromone in female goldfish is comprised of prostaglandin F2a (PGF2a) and its
metabolites.

These are released to the external environment by females

(Sorensen et al 1995) and are detected by the male olfactory system (Sorensen
et al 1988), which then triggers male courtship behaviour (Stacey 1981;
Sorensen e ta l 1986, 1989).
Interestingly, prostaglandins seem to be most commonly released by
females, and sexually mature males exhibit greater olfactory sensitivity to
prostaglandins than do females in goldfish (Sorensen and Goetz 1993), the
crucian carp (Bjerselius and Olsen 1993), the common carp (Irvine and Sorensen
1995) and the Mexican blind cavefish, Astyanax mexicanus (Cardwell and
Stacey 1995).

6
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OH

HO

Figure 3: Chemical structure of a prostaglandin

Sex steroids (Figure 4) and prostaglandins that function in reproductive
signalling have been collectively labelled as hormonal pheromones (Stacey and
Sorensen 2003).

Fish commonly release steroid and prostaglandin hormones

and their metabolites into the water, where some function as water-borne
odorants that induce specific physiological and/or behavioural reproductive
responses in conspecifics (review by Sorensen and Stacey, 1999). Water-born
steroids, prostaglandins and their metabolites induce reproductive and/or
behavioural responses in a variety of other fish including Atlantic salmon (Salmo
salar) (Moore and Scott 1991; Moore and Wang 1996), loach (Misgurnus
anguillicaudatus) (Kitamuna et al. 1994), common carp (Cyprinus caprio) (Stacey
et al. 1994), crucian carp (Carassius carassius) (Bjerselius et al. 1995) and Arctic
char (Salvelinus alpinus) (Sveinsson and Hara 1995).
Female goldfish

release

17a,

20R-dihydroxyl-4-pregnen-3-one

(17a,

20fiP) and it leads to increased milt production (sperm and seminal fluid) in
mature male goldfish by the time of spawning (Sorensen et al. 1987).

In African

catfish (Clarias gariepinus), etiocholanalone (ETIO) is released by the male to
7
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attract ovulating females (Resink et al. 1989). When mature (reproductive) male
frillfin gobies (Bathygobius soporator) were exposed to a 1:10,000 dilution of
reproductive female ovarian fluid, males “exploded into courtship” (Tavolga
1956).

Colombo et al. (1977, 1980, 1982) showed that male black gobies

release the reproductive pheromone, etiocholanolone-glucuronated (ETIO-g)
which is a steroid hormone metabolite.

OH
ch3

CH

OH

Figure 4 : Chemical structure of testosterone .

Round gobies respond behaviourally and physiologically to steroids, but
not to prostaglandins (Murphy et al. 2000), suggesting that if a reproductive
pheromone is indeed used by the round goby, it is most likely a steroid.

Sex Pheromones in the Aquatic Environment
Pheromonal communication plays a major role in sex recognition and
courtship behaviours in various species.

Males of the American newt, Taricha

rivularis, are attracted to move against the water current of a river towards
conspecific female secretions (Twitty 1959).

Kitteredge et al. (1971) observed

8
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that male crabs responded to the release of a female moulting hormone,
crystecdysone, and upon detection would perform pre-copulatory behaviour.
The authors suggested that aquatic organisms may have evolved pheromonal
functions for hormones or their metabolites due to a chance development of a
receptor for these specific types of compounds in their olfactory sensory neurons
(OSNs).

The chances of reproductive success would be increased since

reproductive behaviour could be synchronized with a particular physiological
event associated with reproduction in conspecifics.
In many aspects of a fish’s life, intraspecific chemical signals are used
(Liley 1982; Sorensen and Caprio 1997; Sorensen and Stacey 1999). The water
they live in is usually dimly lit and visual cues may not be effective, however
water is a universal solvent that can readily transport body metabolites.

The Release of Reproductive Pheromones
In order for a compound to function as a pheromone, it must first be
produced by the animal and then released outside the body. Many early studies
on various species showed that male- or female-holding water induced
conspecific behavioural and physiological responses indicative of reproductive
function (review by Liley 1982; Liley and Stacey 1983; Stacey et al. 1986).
Pheromones

released from

the ovarian fluid

of the frillfin

goby,

(Bathygobius soporator) (Tavolga 1956), goldfish (Sorensen et al. 1987) and
trout (Salmo gairdneri) (Honda 1980) were found to elicit courtship behaviour in
conspecific males. There are indications that fish may also utilize urine, besides
ovarian fluid, as a pheromonal vehicle.

Although female guppies (Poecilia

9
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reticulate) became attracted to males during the period of receptivity which
follows parturition when the proximal end of their oviduct is open (Crow and Liley
1979), the holding water of adult virgin females, whose oviduct was closed, still
attracted males (Gandolfi 1969; Crow and Liley 1979).

Columbo et al. (1982)

found that urine, free from ovarian contaminants, obtained from female black
gobies (Gobius jozo) was effective in triggering courtship behaviour in males.
These authors also postulated a testicular reproductive pheromone in male black
gobies due to the presence of a Leydig cell rich mesorchial gland in male black
gobies that contained conjugated reduced androgens.
Recently, Siefkes et al. (2003) showed that a sex pheromone produced by
sea lamprey, 7a, 12a, 24-trihydroxy-5a-cholan-3-one 24, is secreted through the
gills. This pheromone release site has also been hypothesized in rainbow trout
(Oncorhynchus mykiss) (Vermeirssen and Scott 1996).
We assume that if a male round goby releases pheromones, these will be
present in round goby holding water.

The round goby will release its

pheromones into the water using one of the routes described above. This water,
now considered to be conditioned water, can be used to test for the presence of
olfactory sensitivity to a pheromone.

The collection and use of conditioned

water has proven successful in a previous pheromone isolation protocol (Li et al.
2002).

10
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ii - THE ELECTRO-OLFACTOGRAM
The Sense of Smell
Olfactory sensory neurons (OSNs) are located in the olfactory epithelium
(OE), which is a small patch of tissue located in the nasal cavity.

In teleost fish,

the peripheral olfactory organ is comprised of an anterior naris, olfactory
chamber with OSNs and a posterior naris.

The OSNs are the primary sensing

cells (review by Firestein 2001). They are bipolar neurons with a single dendrite
that reaches up to the surface of the tissue (review by Firestein 2001). There are
two different OSNs types, ciliated and microvillar cells in the olfactory epithelium
of fish (Zielinski and Hara 1988). Ciliated cells have up to 8 cilia and their cell
body is located in the lower third of the OE.

Evidence from salmonids

(Tommensen 1982; Zielinski and Hara 1988) suggests that ciliated OSNs
respond to bile and amino acids. Work done with goldfish (Zippel et al. 1997)
and salmonids (Tommensen 1982; Zielinski and Hara 1988) suggest ciliated
OSNs also respond to amino acids.
Microvillar cells have up to 80 microvilli projecting from them and their cell
body is located in the upper third of the olfactory epithelium (Morita and Finger
1998).

Microvillar OSNs of fish may transduce pheromone responses.

Evidence comes from work done by Zippel et al. (1997). Cutting the olfactory
nerve lead to degeneration of the olfactory epithelium and the loss of
physiological responsiveness to odours.

Ciliated OSNs were the first cells to

regenerate and were accompanied a recovery of physiological responses to
amino acids.

Physiological response to steroids and prostaglandins did not

occur until the regeneration of microvillar OSNs.
11
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The sequence of events that converts a chemical odour into an electrical
signal that is decoded in the brain is initiated by the binding of the odour to the
extracellular surface of the dendritic tip of a receptor protein linked to a
guanosine-5'-triphosphate (GTP) binding protein (G-protein) .

There are two

main types of heterotrimeric GTP binding protein subunits associated with
olfaction, located on OSNs (Sosinsky et al. 2000). These subunits are Gao and
Gaoif. Gqo has been found on microvillar OSN in round gobies (Belanger et al.
2003) and Ga0if has been found on ciliated OSN of catfish (Abogadie et al. 1995)
and round gobies (Belanger et al. 2003). Two separate pathways mediate Gao
and Ga0if signalling in fish. Transduction of olfactory sensory neurons expressing
Gqo is mediated via the inositol trisphosphate (IP3 ) pathway (Figure 5a). When
an odourant binds its G-protein coupled receptor, the G-protein changes
conformation and exchanges GTP for GDP (Cooper 2000). The alpha subunit of
G-protein dissociates and then binds to and activates an enzyme called
phospholipase C. Active phospholipase C hydrolyses phosphoinositol (PIP2 ) to
diacylglycerol (DAG) and IP3- DAG and IP3 are both second messengers that
initiate intracellular signalling cascades of their own. DAG binds and activates the
enzyme protein kinase C that phosphorylates and alters the activity of various
enzymes. IP3 diffuses the endoplasmic reticulum where calcium is sequestered
inside of cells (Cooper 2003). The binding of IP3 to the endoplasmic reticulum
leads to the release of calcium into the cytoplasm where it affects the activity of
several proteins (Silverthorn 1993).

Evidence for the Ga0 pathway has been

demonstrated garter snakes by Lui et al. in 1999.

12
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The Gcoif pathway is similar to the Gao, however the binding of the alpha
subunit of the G protein to the OSN odourant receptor activates adenylyl cyclase
(Figure 5b).

This enzyme, embedded in the plasma membrane of the cilia,

catalyzes the conversion of adenosine triphosphate (ATP) to the second
messenger cyclic adenosine monophosphate (cAMP) in the cytosol (review by
Firestein 2001).

Cyclic AMP then binds to the intracellular surface of an ion

channel (a cyclic nucleotide-gated channel) and the channel opens, allowing an
influx of Na+ and Ca+2 (Firestein et al. 1991).

Normally, a cell has a resting

membrane potential of -65mV (Silverthorn 1998).

The influx of both Na+ and

Ca+2 ions causes the cell to become more positive until it reaches threshold and
generates an action potential.

The action potential is conducted along the

olfactory nerve to the brain where a synaptic neurotransmission occurs (Scott
and Scott-Johnson 2002).
For this research, of particular interest is the extracellular change that
occurs before an action potential.

This change leads to a generator potential

(Figure 5c) and using the electro-olfactogram, the extracellular changes in the
olfactory epithelium of the round goby will be measured.

13
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Figure 5: The role of G-protein receptors in olfactory signalling, a) Activation of
phospholipase C by Gao, b) Activation of cAMP by Ga0if, c) Increase in calcium
and sodium results in a generator potential. Pictures by A. Belanger, adapted
from Cooper 2000).
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The Electro-olfactogram Bioassav

The EOG is a DC voltage transient that is recorded extra-cellularly from
the olfactory epithelium (Figure 6) and thought to reflect summated generator
potentials of OSNs (Sorensen and Caprio 1998).

Generator potentials are

referred to as such because they usually lead to the generation of an action
potential. Odourant binding onto G protein coupled odourant receptors leads to
membrane depolarization, the formation of generator potentials and further
depolarization as action potentials are conducted to the synaptic terminal.
Hosoya and Yoshida (1937) first recorded a slow potential that developed
in the olfactory epithelium of dogs when they stimulated it with an odour. Ottoson
(1956) independently studied these responses in the olfactory epithelium of the
frog and rabbit. He gave these the name “electro-olfactogram” (EOG).
Olfactory sensitivity to pheromones has been determined largely through
the use of the technically simple, yet powerful EOG bioassay. An EOG recording
can assess the possibility of whether hormonal pheromone systems are present
in species in which they are unknown, by determining olfactory sensitivity to a
large number of test compounds (review by Stacey and Sorensen 2003). The
EOG assay produces picture of the summed responses from the olfactory
epithelium.

16
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Figure 6: Schematic representation of a round goby head showing the
placement of the EOG recording electrode. The electrode is placed in the intact
nostril of the peripheral olfactory organ and the reference electrode is placed on
the surface of the skin close to the recording electrode. The tube overlay on the
left nostril shows the location of the anterior and posterior nares. AN= anterior
nostril, PN = posterior nostril (Adapted from Belanger 2002)
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An electro-olfactogram tracing often has a very characteristic shape
(Figure 7). It has a rapid rising phase, as OSNs respond to the application of the
stimulus, followed by a slow decline back towards baseline (Ottoson 1971).
Ottoson (1971) explained that the time course of the elimination of the stimulating
particles is reflected by the return of the EOG towards baseline. The response
elicited by brief stimulation of an odour is characterized by a gradual return to
resting level. Following weak stimulation, the potential returns to zero within 1-2
sec while the fall after a strong stimulus may take 4-6 sec or more (Ottoson
1971). Ottoson’s EOG trials involved cutting away the tissue that covered the
OE. In this study, the EOG recordings are performed in unexposed tissue and
they have a somewhat different shape.

This difference might be because the

odour presentation is more gradual after passing through the uncut nasal sac.
As long as the stimulating molecules remain in the mucus the receptors
are subjected to the action of the stimulus.

For the proper function of the

olfactory system, it is important that the stimulating material be rapidly removed
by flushing the nostril with water to avoid acclimation (Ottoson 1971).
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Figure 7: EOG tracing from a round goby showing the voltage transient
following odourant application. The stimulus line indicates the application of the
odour followed by the rising phase and then the falling phase back towards
baseline. mV= millivolts
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Strengths of EOGs
The EOG has three notable strengths in fish pheromone research. First,
the EOG allows one to determine the olfactory sensitivity of fish to various
compounds and the relative potency of test compounds as odorants (Sorensen
and Stacey 1999). Secondly, because the EOG bioassay can be used without
having to understand the biological activity of the odour being tested, it can be
used to test potential pheromone use in a species whose use of chemical
communication is unknown (Sorensen and Stacey 1999). Lastly, the EOG is not
very invasive and can easily be used in many different organisms.

Electro-

olfactograms have been used to help isolate pheromones in goldfish (Sorensen
etal. 1987, 1988) and sea lamprey (Li etal. 2002)

Limitations of EOGs
Despite its ease of use, the EOG recording has two important limitations.
First, because it does not measure the activity of individual OSNs, but only a
population average, it may underestimate the sensitivity and discriminatory
abilities of the olfactory system (Sorensen and Stacey 1999). Second, EOG can
only show up if the animal can smell an odour but sheds no light on its biological
function, if any.

Thus EOG can provide no insight as to whether the odour

functions as a pheromone or if there is the possibility of mixtures in a pheromone
composition (Sorensen and Stacey 1999).
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iii- HORMONAL PHEROMONES IN GOBIIDS
The most speciose of all suborders of bony fishes, the gobiid fishes
(Perciformes: Gobioidei: Gobiidae) have over 2500 nominal species arranged in
at least 300 genera (Miller 1993).

Several examples documente the potential

use of pheromones by members of the gobiid family.
Observations on the blind goby, Typhlogobius californiensis, revealed that
this species exhibits agonistic behaviours towards members of the same gender
and that this recognition is dependent on chemoreception. The use of olfaction,
however, was not identified (MacGinite 1939).

Classic research by Tavolga

(1956) demonstrated that reproductive male frillfin gobies will perform courtship
behaviour when exposed to ovarian fluid from ovulated females. Males rendered
anosmic (i.e. unable to smell) failed to respond to the ovarian fluid, indicating that
the courtship response was mediated by a female chemical signal detected
through olfaction.
Male black gobies (Gobius jozo) release a conjugated androgen, 5(3androstan-3a-ol-17-one-3-glucuronide

(etiocholanolone glucuronide;

ETIO-g),

which is synthesized and released by the mesorchial gland, and this compound
attracts reproductive females and in some cases, induces them to oviposit
(Columbo etal. 1982).

21

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

i v - T H E ROUND GOBY

Biology of the Round Goby

Figure 8 : The round goby (Neogobius melanostomus).

The round goby (Figure 8), Neogobius melanostomus (Pallas 1811), is a
bottom-dwelling fish that is native to the Black, Caspian, Mamara, Aral and Azov
seas of the Ponto-Caspian region

(Simonovic et al. 1996). Believed to have

been transported in the ballast water of trans-oceanic vessels, the round goby
was first discovered in the St. Clair River in 1990 (Jude et al. 1992; Crossman et
al. 1992) and within five years it had spread throughout the five Great Lakes
(Jude 1997).

Round gobies populations have been found in the St. Lawrence

River in Quebec, in the Flint, Shiawassee and Saginaw Rivers in Michigan and
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the Chicago Sanitary and Ship Canal, where they have access to the Mississippi
River (Steingraeber et al,, 1996).
With elongated dorsal and anal fins, a unique black spot on its dorsal fin
and a characteristic fused pelvic fin, the round goby is quite distinctive. It attains
a size of up to 250 mm and lives for up to 5 years. Male round gobies mature
primarily at age three and females at age two (Miller 1984; 1986). Reproductive
males are typically larger than non-reproductive males, have enlarged cheeks
and all-over dark colouration (Miller 1984).

Unlike native fish species of the

Great Lakes, female round gobies are iteroparous (repeat spawners) with an
extended reproductive season (Corkum et al. 1998). Females do not die after
spawning and can spawn up to six times during the spring and summer, every 20
days (Jude 1997).

This has led to a great competitive advantage over native

species of the Great Lakes. Fecundity ranges from 300 to 5,000 eggs per female
(Miller 1984). Fertilization rates can reach up to 95% and the hatching rate is
95% as well (Charlebois et al. 1997). As many as 10,000 eggs from up to fifteen
females can be deposited in a round goby nest (Maclnnis and Corkum 2000).
Spawning occurs at water temperatures that range from 9 to 26°C and at depths
that range from 0.2 to 11 m (Charlebois et al. 1997; Wickett and Corkum 1998).
Male round gobies construct nests in a variety of locations, including under logs
and stones and inside cans or crayfish burrows (Charlebois et al. 1997).
Generally, nests are located in structures with a hard immobile overhead surface
and a single opening (Miller 1984).
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The round goby is very aggressive towards other fish and it will defend
vigorously the type of rocky and cobble substrate it prefers to the exclusion of
some native species (Jude 1997).

Round gobies easily take over the optimal

spawning habitats of native benthic species and eat eggs and young of other
fishes (Dubs and Corkum 1996; Charlebois et al. 1997). The increased numbers
of the round goby in the Great Lakes has contributed to the decline of native
mottled sculpins (Cottus bairdi) and other benthic fish (Jude et al. 1995; Dubs
and Corkum 1996).

Reproductive Status of Round Gobies
Since we want to understand how female round gobies respond to
pheromones, it is important to use as test animals, fish that would normally use
pheromones in their native habitat.

It therefore was very important for this

project, to accurately classify females as either reproductive or non-reproductive.
The gonadal somatic index, which describes the relative size of the
ovaries (or testes) with respect to total body sze, is a useful measure to describe
reproductive status offish and to compare maturity of individuals (Nikol’skii 1963;
Kulikova 1985). In this study, gonadal somatic index values were calculated for
all animals using the following equation:

Gonad Weight (q)
GSI = Body Weight (g)

x100
Nikol’skii 1963
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The maturation of teleost oocytes involves a process of yolk production
known

as vitellogenesis

(Nagahama

1983).

During

this

process,

the

enlargement of oocytes, attributed mainly to the accumulation of yolk, is very
considerable.

In rainbow trout (Oncorhynchus mykiss), immature oocytes are

about 0.02 mm in diameter and the fully developed egg is about 4 mm
(Nagahama 1983). In the round goby, Kulikova (1985) found using histological
preparations that mature eggs ranged between 1.5 and 2.0 mm.

Belanger

(2002), reported that the diameter of freshly dissected eggs in non-reproductive
females from the Detroit River ranged from 0.38 mm to 1.05 mm, while
reproductive females had ripe eggs ranging from 1.14 mm to 2.1 mm. The
accumulation of yolk and growth in diameter of oocytes indicates that the eggs
have undergone vitellogenesis.
The nucleus of a fully mature oocyte enlarges and migrates to the
periphery of the cell and is referred to as the germinal vesicle (Nagahama 1983).
The germinal vesicle of fish cannot usually be seen by external observation
because of the opaque cytoplasm (Nagahama 1983).

Therefore, clearing

solutions are used to clear the egg in order to view the germinal vesicle
(Nagahama 1983). Previously, Goetz (1976) found that clearing was necessary
to observe the germinal vesicle in oocytes of brook trout and yellow perch.
The criteria for identifying females that are nearing ovulation encompass
examination of secondary characteristics, egg size and development.

This

information, taken together, is useful for identifying reproductive status in the
round goby. By comparing the results obtained from the females of this study to
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the results obtained by Kulikova (1985) and Belanger (2002), we can be
confident that the olfactory sensitivity results obtained from this study are
recorded from the appropriately classified females.

Putative Sex Pheromones in the Round Goby
Research on sexual selection in round gobies has been limited, yet it is a
potential mechanism for population control. Sexual selection is a form of natural
selection that occurs when individuals differ in their ability to compete with others
for mates or to attract members of the opposite sex (Alcock 1998).

Though

round gobies live in benthic habitats where light levels are low and males are
often sequestered in dark nests, round goby populations has thrived in the Great
Lakes. The use of pheromones by these fish has been postulated and chemical
communication between male and females may be crucial in regulating and
facilitating their reproductive habits. In a study that assessed olfactory responses
of round gobies to various compounds, Murphy et al. (2001) tested 114 steroids
and 8 prostaglandins by EOG and behavioural bioassays.

Of the compounds

tested, none of the prostaglandins and only 19 of the steroids evoked EOG
responses over 1mV.

Round gobies responded physiologically (EOG) and

behaviourally (increased basal ventilation rate) to free and conjugated 18-, 19-,
and 21- carbon steroids including etiocholanolone (ETIO), estrone

and

etiocholanolone-glucuronide (ETIO-g).
Belanger (2002) showed that the increased basal ventilation rates
observed by Murphy et al. (2001) were mediated by olfaction and that female fish
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had significantly (p<0.05) higher basal ventilation rates to ETIO concentrations of
10'8 M and 10'1° M in the summer than in the winter.

When E1 was tested

against male fish, there was a significant increase in basal ventilation rate during
both the winter (at 10-8 M and 10-9 M) and during the summer (from 10-8 M to
10-11M).

Furthermore,

the basal ventilation response of males to female

urogenital tissue extracts from the summer (reproductive) and winter (nonreproductive) months was also tested. Males showed significant increases during
the summer (p<0.05) to the homogenate.
The results of these previous studies show that olfaction mediates round
goby responses to conspecific tissues that may contain pheromones. The use of
EOG analysis which monitors olfactory activity to assess the responsiveness of
females to conspecific odours is appropriate since females do perceive some
putative pheromones via olfaction.

27

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

v - THESIS OVERVIEW AND SIGNIFICANCE
This study is the first to quantify olfactory epithelial responsiveness and
sensitivity of reproductive female
reproductive male round gobies.

round

gobies to odours

released

by

The EOG measure for olfactory epithelial

potency was used to investigate the chemical properties of the odour during
pheromone isolation and to assess the stimulatory properties of putative steroidal
pheromones.
Understanding how reproductive female round gobies are attracted to a
nest-guarding, parental male is the first step in developing a pheromonal based
strategy that could be used to disrupt the reproductive habits of the round gobies.
Since round gobies cause monetary loss and damage to the native fish
communities of the Great Lakes, this approach could be very useful in protecting
spawning habitats of native fish, including small mouth bass and lake sturgeon.

28

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

MATERIALS AND METHODS__________________________________
i - EXPERIMENTAL ANIMALS
Round Goby Collection and Housing
Round gobies were collected during the spring, summer and fall of 2002
and 2003 by angling in the Canadian waters of the upper Detroit River and by
trawling with the Ontario Ministry of Natural Resources in the western and
eastern basins of Lake Erie. Over 700 round gobies were collected. Male round
gobies ranged in size from 80 to 220 mm in total length; females were smaller
and ranged from 60 to 160 mm. Round gobies were placed into 45.5 L insulated
coolers immediately following collection.

They were placed into aerated water

with 1/4 cup of aquarium salt to reduce bacterial infections.

Fish acclimatized

overnight in the coolers in river or lake water mixed with dechlorinated tap water
then transferred to holding tanks (205 L) with aerated, 18°C flow-through
dechlorinated tap water and gravel under constant photoperiod (16L:8D) (Figure
9).

Poly Vinyl Chloride (PVC) tubing was immersed into the tank to provide

shelter. Adult males and females were kept in separate tanks. All round gobies
were fed Nutrafin® fish flakes (Tetramin, Inc.).
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Figure 9: Photograph of round goby holding tanks located in the Department of
Biological Sciences, at the University of Windsor.

Sexinq and Measures of Reproductive Status
Sexing
Round gobies were sexed based on the shape of their urogenital papillae. Both
sexes have an erectile urogenital papilla between the anus and the base of the
anal fin (Figure 10). The female urogenital papilla is broad and blunt, 0.3-0.5 mm
long and 0.2-0.4 mm wide. The male papillae are pointed and somewhat longer,
with a length of 0.3-0.6 mm and a terminal slit (Juszczyk 1975; Miller 1984).
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Measures of Reproductive Status
For this study, four different measures were used to determine the reproductive
status of female fish used during experiments including secondary sexual
characteristics, gonadal somatic index (GSI), oocyte appearance and germinal
vesicle location.

1- Secondary sexual characteristics
During fishing trips, females with swollen bellies were placed in a separate cooler
designated for reproductive females. To ensure that the enlarged belly was due
to the presence of eggs, rather than from food consumption, the females were
left for 24 hours to allow sufficient time for food digestion and waste excretion.
After this time, the females with swollen bellies were classified as reproductive.
Females without enlarged bellies were designated as non-reproductive.

2- Gonadal somatic index (GSI)
Once each trial was completed, female round gobies were euthanized using an
overdose of 5% tricaine methane sulphonate (MS-222) and their ovaries were
removed and weighed to calculate their GSI.

The GSI of each female was

determined by calculating the ratio of gonad weight to body weight. Eggs were
immersed in fixative (see appendix) for later assessment of oocyte maturity.
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3- Oocyte appearance
When female fish mature, the appearance and size of their eggs change. As
vitellogenesis occurs, eggs significantly increase in size and change colour due
to the accumulation of yolk (Nagahama 1983). The eggs of five reproductive and
five non-reproductive females were examined in order to assess size and
colouration.

The diameter of reproductive and non-reproductive female eggs

was measured prior to fixation.

The colour of the eggs from reproductive and

non-reproductive females were compared to eggs fresh eggs from a female that
had naturally released her eggs.

4- Germinal vesicle
As oocytes mature, the nucleus of the egg enlarges and is referred to as the
germinal vesicle.

To see the germinal vesicle, fixed eggs were cleared in a

glycerol/phosphate buffer mix, using a procedure described by Pankhurst (1985).
Eggs from reproductive and non-reproductive females were left for 3 minutes in
each of a 70%, 80%, 90% and 100% glycerol/phosphate buffer (PB) mixture.
Visual observations were recorded at each step.

MALES
Males used for the generation of “conditioned” water were assessed using two
different criteria (secondary sexual characteristics and GSI.
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1- Secondary sexual characteristics
In the field, reproductive males were identified by a black body and swollen
cheeks. Males lacking these traits were classified as non-reproductive (Maclnnis
and Corkum 2000); the others were classified as reproductive

2- Gonadal somatic index
Following the collection of conditioned water, males were euthanized using an
overdose of 5% MS-222 and their gonads (testis and seminal vesicle) were
removed and weighed in order to calculate the GSI.

The GSI values were

calculated for both reproductive and non-reproductive males.
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Fused pelvic fin

Urogenital papilla

Figure 10 : Diagram of male and female round goby urogenital papillae (Adapted
from Charebois etal. 1997)
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ii - ELECTRO-OLFACTOGRAM ASSAY
EOG Set-up
All experimental procedures reported in this study were in compliance with
guidelines established by the Canadian Council of Animal Care.
The EOG technique was adapted from Murphy et al. (2001).

Randomly

chosen reproductive or non-reproductive females were lightly anaesthetized
using a low dosage (0.05%) of 2-phenoxy-ethanol (2-PE) and then injected with
Flaxedil® (3 mg*kg'1 body weight of 3 mg*mL'1 stock). Flaxedil® is a cholinergic
inhibitor that is used to stop muscular contractions during the EOG procedure.
The test female was wrapped in wet paper tissue and placed in an electrically
grounded water perfusion chamber and fitted with a polyethylene mouth tube,
which continually delivered oxygenated, dechlorinated water (Figure 12, 13).
The temperature of the water was set to 18°C. All EOG experiments took place
within a mesh wire Faraday cage. This helped to block out background noise
from the environment. The cage was electrically grounded by attaching electrical
wire to the cage and to copper water pipes that lead to the outside of the
building.
Electro-olfactogram

responses

were

recorded

using

two

Ag/AgCI

electrodes (type MEH 1S10; WPI Sarasota, FL) filled with 3M KOI and bridged to
saline gelatine (8%) (Becton Dickinson Microbiology Systems, Sparks MD. USA)
filled glass capillaries (type IB 100F; WPI Sarasota, FL) (tip diameter 100 pm).
The reference electrode was placed on the ipsilateral side of the skin
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approximately 1 cm away from the nostril. An odour delivery tube was placed
directly above the posterior nostril.

In a natural setting, water would flow in

through the anterior nostril of the round goby and out through the posterior
nostril.

However, in order to obtain EOG recordings from the round goby, the

recording electrode was placed in the anterior nostril and the odour delivery tube
in the posterior nostril. In small female test animals the narrow posterior nostril
necessitated enlargement with micro-dissection scissors to allow adequate flow
of water and odour over the olfactory epithelium.

Belanger et al. (2003) found

that olfactory epithelium located on the surface of the nasal cavity covered by
ciliated and microvillar OSNs adjacent to the anterior nostril.

Due to the

presence of accessory nasal sacs, olfactory epithelium is absent at the posterior
end of the nostril. To avoid damaging the olfactory epithelium, the dorsal surface
of the nasal cavity olfactory epithelium was left intact. All EOG recordings were
begun 45 -6 0 minutes following preparation of the test fish.
Throughout the recording procedure, the nasal cavity was continuously
perfused with 18°C dechlorinated tap water (background). A manually activated
solenoid switched the background solution to a test solution for 3 seconds when
activated.

The amplified signals from the olfactory epithelium (Grass pre-amp

7P122P) to the electrodes were recorded with a pen and paper system using the
Grass polygraph or were digitized (Grass Polyview Data Acquisition and Analysis
System). The response was recorded for ten seconds following initial exposure
to the test odour. Experiments lasted from 3 -7 h per animal. Each female round
goby was used for only one experiment.
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Olfactory epithelium sensitivity to a stimulating standard (10'5 M L-alanine)
and to background test solutions of dechlorinated tap water was recorded using
the EOG. Amino acid standards (such as L-alanine) which are detected by all
fish (Hara 1992) are necessary in EOG screenings because all compounds
tested by the EOG bioassay may not be detected by the test animal.

A

response to the standard ensures that the EOG preparation is functioning
normally, and provides a means to monitor the stability of a recording throughout
an entire EOG experiment. Olfactory epithelial responses to a standard can also
be used to normalize responses obtained from separate individuals, as each
response to a test compound can be calculated as a percentage of the internal
standard (Hara, 1992). L-alanine (Sigma, Oakville, Ontario) was chosen as the
standard because it has been shown to evoke significant and consistent
responses in the round goby (Murphy et al. 2001).

In the EOG recordings, a

response to 10'5 M L-alanine greater than 2 mV indicated that the electrodes and
odour delivery tube had been positioned correctly.

If the response was less than

2 mV, the electrodes and odour tube were repositioned until a 2 mV response
was obtained, or the recording was terminated.
During the course of a recording, the sensitivity to 10'5 M L-alanine was
monitored every 30 minutes (around every 10 tests) to assess the quality of the
recording. EOG recordings during exposure to a 3 sec pulse of dechlorinated tap
water (background water) that normally irrigated the nostril were made to ensure
the effect was not one of mechano-stimulation during odorant delivery. Olfactory
acclimation was minimized by allowing two minutes between exposures to test
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solutions.

Data (base to peak voltage differences) were presented as an

absolute response in mV.
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system

Computer
W a te r Odour

Solenoid
Manually activated solenoid
i
i

l
Recording Electrode

D dour delivery tube

P osterior nostril

*

A nte rior nostril

Reference Electrode

Figure 12: Schematic diagram of electro-olfactogram set-up. An odour delivery
tube is placed directly above the posterior nostril and delivers background water
to the olfactory epithelium until a manually activated solenoid is switched on.
This activation delivers a 3 sec pulse of the test odour into the system and
ultimately over the olfactory epithelium. The signal is relayed via recording
electrodes to the pre-amp where the signal is recorded by a polygraph and
computer. Diagram by Andrea Belanger.
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Solutions Used for Testing Olfactory Potency
During all trials, either a randomly chosen reproductive or non-reproductive
female was used as the test animal.

The olfactory epithelium of female N.

melanostomus was exposed to the following solutions.

1 - L-alanine
The L-alanine standard was prepared as a 10 _2 stock solution in distilled water
and stored at 4°C, in a glass vial. The stock was diluted to 10 ~5 in background
water immediately before the EOG recordings were begun.

2 - Conditioned Water
Randomly selected males from each category were kept individually in sterilized
glass jars containing 1 L of dechlorinated tap water and an air stone (Figure 11).
Each fish was kept in the jar for 4 h to allow sufficient time for the release and
collection of the reproductive pheromones. Plastic dividers separated each of the
jars to ensure that the round gobies could not see each other. This ensured that
the presence of other males did not affect pheromone release. At the end of the
4 h, each male round goby was removed from the jar. To avoid contamination by
the researcher, latex gloves were worn while handling the animals and the glass
jars.

This conditioned water was filtered using Whatman (size 4) filtration

system to remove any debris and then stored in glass jars at -20° C until needed.
The conditioned water was kept frozen for no longer than 2 weeks. Conditioned
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water was presented to female round gobies as either undiluted or at 1:10 and
1:100 dilutions.

Figure 13: Photograph of the conditioned water collection set-up. Each jar was
protected on three sides. Though the fish did not see each other, they were
exposed to light and activity (though minimal) in the set-up room.
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3 - Aqueous and Organic Extractions from Conditioned Water
Hydrophobic compounds were separated from the conditioned water by
passing male conditioned water through a C-18 solid phase extraction (SPE)
cartridge (Water Corps. Milford Massachusetts). Solid phase extraction is an
extraction technique based on the selective partitioning of one or more
components between two phases, one of which is a solid sorbent and the other
of which phase is typically a liquid C-18 solid phase extraction cartridges have a
strongly hydrophobic silica-based bonded phase used to absorb analytes of even
weak hydrophobicity from aqueous solutions. The SPE procedure involved four
steps:
1 - The cartridge was prepared by solvating the sorbent bed. This was done by
passing 5 mL of methanol (100%) through the cartridge, followed by 5 ml_ of
distilled water.
2 - The conditioned water was filtered through the conditioned cartridge which
resulted in the analyte, and other matrix components, being retained on the
sorbent surface due to one or more specific chemical interactions (e.g., Van der
Waals or "non-polar" interactions between the hydrocarbon chain of an analyte
and the hydrocarbon chain of a C18 bonded phase).
3 - The cartridge was rinsed with 5 mL of distilled water in order to wash away
additional interfering compounds while leaving the analyte undisturbed within the
sorbent bed.
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4 - Five millilitres of methanol was passed through the cartridge. The methanol
was chosen to disrupt the interaction between most non-polar analytes and a
C18 bonded phase. This elution was separated with the HPLC.
The aqueous component of the SPE-pak procedure was tested for the
possibility that the stimulatory molecules from the conditioned water did not bind
to the SPE cartridge.
epithelium.

This water was presented undiluted over the olfactory

The organic phase was prepared by drying down 5 mL of methanol

SPE-pak elution (from 1L of male conditioned water) and reconstituting it in 1mL
of methanol. The reconstituted product was then added to 1 litre of dechlorinated
tap water (back to the original concentration of conditioned water) and presented
over the olfactory epithelium of the female round gobies for EOG recordings.

4- Fractionated Hydrophobic Extracts of Conditioned Water
The methanol extracts (obtained ad described in the previous section)
from 10 reproductive males (50 mL total) were combined to concentrate the
hydrophobic compounds and dried down in a rotary evaporator in the
Department of Chemistry & Biochemistry, University of Windsor.
The powder was reconstituted in 100 pL acetonitrile/water/trifluroacetic
acid (28/72/0.01 ;v/v/v) and loaded onto an analytical reverse-phase HPLC
column (Rainin Dynamax Microsorb; 5pm octadecylsilane; 4.6 mmX 25 cm; fitted
with a 1.5 cm guard module). Two pumps delivered solvents through the column
at a rate of 0.5mL/min. Solvent A was 0.01 % Trifluoroacetic acid (TFA) in
distilled water and solvent B was 70% acetonitrile and 0.01% TFA in distilled
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water. One-minute fractions were collected between 18 and 68 minutes (the
range where steroids typically elute). Mr. Wesley Arbuckle (M.Sc. candidate,
University of Windsor) prepared all HPLC fractions using the facilities of Dr. W.
Li’s laboratory at Michigan State University, Department of Fisheries and Wildlife.
The EOG assay was used for identifying which of the HPLC fractions
elicited strong physiological responses. The HPLC collections comprised 50 500 pL fractions that were labelled according to the minute at which they eluted.
HPLC fractions 18-68 were tested for physiological activity using the EOG assay,
to identify specific fractions that elicited an EOG response. All HPLC samples
were diluted 1:100 (100pL of HPLC sample + 9900 pL of dechlorinated tap water
(background water). Each of the 50 samples was randomly selected for
application during each EOG run. “Blank” HPLC fractions were tested to ensure
that the solvent used during the HPLC procedure did not account for the olfactory
responses observed. The “blank” was prepared in the same manner as the other
fractions but instead of adding conditioned water, plain dechlorinated water was
added.

5 - Steroids Identified as Putative Pheromones
C19 steroids, which include androgens, are associated with the male
reproductive system.

To determine the nature of the reproductive steroid

produced by fish, it is usual to incubate the gonads with a suitable radio-labelled
precursor (in this case androstenedione) and then to identify the products formed
by chromatography.

Dr. A.P. Scott (Centre for Environment, Fisheries and
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Aquaculture Science, U.K.) and Mr. Arbuckle (University of Windsor) identified
seven steroids as potential candidates for the reproductive pheromone using
gonadal incubations and thin layer chromatography techniques.
dilution

series

was

performed

to

determine

the

An EOG

olfactory sensitivity

of

reproductive and non-reproductive females to each compound (Table 1). A 10'4
M stock concentration of each of the steroids was made in 95% ethanol and
stored at -20° C. Directly before application, the dilutions were made for each of
the steroids. Concentrations ranging from 10'8 M to 10'13 M were tested against
reproductive and non-reproductive females in order to investigate the dose
response relationship for each of the seven steroids. An ethanol blank, diluted to
the same concentrations as the steroids, was prepared and tested to account for
any response that might be attributed to the ethanol.

Following each experiment, the head of the test fish was removed and
stored in either Zamboni’s fixative or 4% paraformaldehyde (PFA) (see Appendix
A for recipe) and stored at 4°C for future use.
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Table 1: Steroidal compounds tested for olfactory sensitivity in female round gobies

Compound

Chemical Name

Mol. Formula

Mol. Weight
(g/mol)

11-Keto-androstenedione

4-androsten -3, 11,
17 -trione

C 19H24O3

300.39

4-androsten-17R>-ol-3,
11, dione

C 19H26O3

302.41

5ft-androstan-3a-ol-,
17-one

C 19H30O2

290.4

C25 H38O8

466.56

Chemical Structure

x

i^
OH

11-Keto-testosterone

ETIO
(free)

ri
ETIO
(glucurinated)

5ft-androstan-3a-ol-17one glucosiduronate
Glue 0
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Angling in the Detroit River for gobies

Collected reproductive and non-reproductive male round goby conditioned water
(1 fish in 1L of dechlorinated water for 4 hours)

Pheromone Isolation

EOG Assay
1) Checked olfactory responsiveness
of females with 10'5 M L-alanine

Conditioned water passed
through SPE cartridges
1 litre per cartridge

2) Tested olfactory sensitivity of
females to conditioned water at 1/1,
1/10 and 1/100 dilutions

3a) Aqueous portion of the SPE

Organic Phase

procedure tested undiluted for
physiological activity using EOG

- SPE cartridges eluted with 5mL
methanol to release trapped
hydrophobic compounds

Pool SPE organic phase elutions
from 10 individual male CW
collections (50 mL methanol
elutions)
Take 5 mL of methanol
elutions

ROTAVAP
^

ROTAVAP

HPLC Separation

4) 500 pL of 50 individual HPLC
fractions tested for physiological
activity using EOG. All tested at
1/1000. Some randomly tested
at 1/10,00 and 1/100,000

3b) Re-constitute the powder
product to original 1 L volum e witl
d H 20 and test for physiological
activity using EOG

From gonadal incubations
5) Seven steroids identified as putative
pheromones. Tested on females at 10'£
to 10~13 M concentrations to determine
olfactory sensitivity

Figure 14: Flow chart showing the strategy used for testing EOG potency during
pheromone isolation procedure.
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iii- STATISTICAL ANALYSIS
All statistical analysis was performed using Prism 3.0 Software.
For the conditioned water study, responses to L-alanine and differences
between mean EOG responses of non-reproductive and reproductive females in
response to each male HPLC fraction, a two-sample t-test was performed. A two
sample t-test is used to determine if two population means are equal. The data
may either be paired or not paired (Zar 1999). For this study, we used unpaired
t-tests as the sample sizes for the two samples may or may not have been equal
and the data were independent of each other. All data met the assumptions for
parametric analysis.
In order to determine whether individual male conditioned waters were
similar, a Kruskal-Wallis test was performed.

The Kruskal-Wallis test is a

nonparametric equivalent of the one-way analysis of variance test. It is used to
test the null hypothesis that all populations have identical distribution functions
against the alternative hypothesis that at least two of the samples differ only with
respect to location (median), if at all.

50

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

RESULTS___________________________________________________

i - STUDY 1: MEASURES OF MATURITY AND REPRODUCTIVE STATUS IN
ROUND GOBIES
Females
Initially, females with enlarged bellies (prior to feeding) were classified as
reproductive; however the following criteria were examined to ensure correct
classification.

1- Size
Reproductive female round gobies (N= 26) (appendix, Table 1) used for EOG
trials measured 80 (± 27) mm (± SE) total length and weighed 7.3 (± 0.68) g.
Non-reproductive female round gobies (N= 23) (Table 2, appendix) used during
EOG trials measured 95 mm (± 3) (± SE) total length of and weighed 10.65 (±
0.93) g.

Therefore, size was not different between reproductive and non-

reproductive males.

2- Gondai Somatic Index
When comparing the size of the ovaries from reproductive and non-reproductive
females, once again there was an obvious difference between the two.

The

ovaries from reproductive females occupied a considerable portion of the
peritoneal cavity (Figure 15).

The ovaries from non-reproductive females, in

contrast, were extremely smaller occupied a much smaller amount of space in
the peritoneal cavity (Figure 16). The mean (± SE) of the GSI values for non-
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1 cm

Enlarged
belly area

Ovaries
Swollen urogenital
papillae.

Figure 15: Visual appearance of reproductive female A. Photograph of a
reproductive female before dissection. Notice the enlarged belly. B. Photograph
of the same reproductive female after dissection with enlarged ovaries exposed.
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1 cm

Small
ovaries

Thin ventral
surface

Figure 16: Visual appearance of a non-reproductive female A. Photograph of a
non-reproductive female before dissection. B. Photograph of the same
reproductive female after dissection. Note the small size of the ovaries relative to
those of the reproductive females.
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reproductive females was 2.89 ± 0.27 percent (range from 1.50 to 4.7 percent).
The mean GSI value (± SE) for reproductive females was 11.80 ± 0.42 (range
from 9.1 to 16.5 percent). GSI values of reproductive females was significantly
higher than non-reproductive females (t 0 .05,47 = 17.11; P< 0.0001) (Figure 17).

3- Oocyte appearance
Since the colour and size of eggs from female fish can be a good indicator of
reproductive status (Nagahama 1993), the eggs from 5 reproductive and 5 nonreproductive females were examined to verify and compare reproductive status
in the test females.

When the naturally released fresh eggs were compared to

the eggs from a female classified as reproductive by our criteria, no difference
was visible between these.

Reproductive eggs diameter was over 2 mm (2.16

± 0.14 mm). Both naturally released eggs and eggs from the ovaries of
reproductive females had similar colouring. They were semi-translucent with a
yellowish tint (Figure 17). When the naturally released eggs were compared to
the eggs from a female classified as non-reproductive (by our criteria) there was
a difference in appearance.

Not only were the non-reproductive female eggs

much smaller (1.36 ± 0.05 mm) than those released naturally or from nonreproductive females, the eggs were an opaque white colour (Figure 18). There
was a significant difference in the mean diameters of the eggs between nonreproductive and reproductive females (t 0 .05 ,27 = 6.13, p<0.001).
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*
12.5-1

Non-reproductive

Reproductive

FEMALES

Figure 17 : Mean GSI index for female round gobies used for EOG bioassays
comparing non-reproductive and
reproductive females.
The GSI was
significantly higher for reproductive females than non-reproductive females
(t 0.05, 47 = 17.1 1, P<0.0001).
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Figure 18: Photograph of eggs released naturally from a reproductive female
(A), removed from a female classified as reproductive based on the criteria form
this study (B) and removed from a female classified as non-reproductive (C).
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4- Germinal vesicle
After fixed eggs taken from the ovaries of reproductive females were
cleared using a glycerol concentration gradient, we were able to observe the
germinal vesicle. It was located at the periphery of the egg (Figure 19) and was
circular.

When the eggs of non-reproductive females were cleared using the

glycerol, the nucleus was small and centrally located.
Taking size, GSI, oocyte appearance and germinal vesicle presence into
account, we can be confident that a female classified as reproductive, due to an
enlarged stomach prior to feeding, is indeed reproductively mature.
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1 mm

Germinal Vesicle

Figure 19: photograph of germinal vesicle from a cleared reproductive female
egg-
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Males
Measures of reproductive status were also obtained for males from which
conditioned water was generated. Initially, reproductive males were assessed by
secondary sexual characteristics.

Reproductive males had dark (black)

colouration and swollen cheeks.

1 - Size
Total mean length (± SE) for non-reproductive male round gobies was of 9.48 (±
0.19) cm (range 8.5 to 10.5 cm). The mean total length (± SE) of round gobies
used to obtain reproductive male conditioned water was 14.06 (± 0.6) cm
(ranging from 10.5 to 17.5 cm).

2 - Gondal Somatic Index
Upon visual inspection non-reproductive males had much smaller testes than
reproductive male testes.

Compared to non-reproductive males, reproductive

males had much larger testes and seminal vesicle. The mean (± SE) GSI for
reproductive males was 1.82 (± 0.26).
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ii- STUDY 2: OLFACTORY EPITHELIAL RESPONSES OF REPRODUCTIVE
AND NON-REPRODUCTIVE FEMALE ROUND GOBIES TO CONDITIONED
WATER FROM REPRODUCTIVE AND NON-REPRODUCTIVE MALE ROUND
GOBIES
Background water was tested to determine if there were any purely
mechanical effects and in all cases this water did not elicit a response from the
olfactory epithelium of the female test animals.
1- L-alanine
Female round gobies consistently showed EOG responsiveness (2.0 to 9.9 mV)
to L-alanine at 10'5 M concentration. There was a significant difference in mean
(±SE) voltage response to 10'5 M L-alanine between non-reproductive (2.33 mV
± 0.5) and reproductive females (4.64 mV ± 0.64); t30 = 3.27, p=0.003 (Figure
20 ).

2- Conditioned Water
a) Undiluted
When exposed to male-conditioned water, reproductive females exhibited
significantly greater olfactory epithelial responses than non-reproductive females
(p<0.05). The largest mean EOG amplitudes were obtained from reproductive
females when presented with reproductive male-conditioned water. Results of a
Student’s t-test indicated that there was a significant difference between the
mean

EOG responses of reproductive and

non-reproductive females to

reproductive male conditioned water (ti6=2.14, Pp<0.05) (Figure 20). Similarly,
there was also a significant difference between the mean EOG responses of
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reproductive and non-reproductive females in response to non-reproductive male
conditioned water (ti6=3.24, p<0.05) (Figure 20).

During the same EOG trial, both reproductive and non-reproductive male
conditioned water was diluted to 1/10 and 1/100, and tested for olfactory
epithelial sensitivity.

There was a decrease in olfactory response from both

reproductive and non-reproductive females as the dilution of the conditioned
water increased.

bl 1/10 dilutions
When reproductive male conditioned water was diluted 1/10, reproductive
female (N = 3) olfactory epithelial responses ranged from 1.1 to 1.6 mV and the
mean response was 1.35 mV (± 0.1).

Non-reproductive female (N = 7)

responses ranged from 0.25 to 0.7 mV and the mean response was 0.51 mV (±
0.06).

At a 1/10 dilution, non-reproductive male conditioned water elicited

responses in reproductive females that ranged from 1.1 to 1.5 mV, with a mean
of 1.4 mV (± 0.1). In non-reproductive females, the responses to the diluted nonreproductive male conditioned water ranged from 0 to 0.8 mV, with a mean of
0.27 mV (± 0.11) (Figure 21).

cl 1/100 dilutions
When reproductive male conditioned water was diluted 1/100,
reproductive female (N = 3) olfactory epithelial responses ranged from 0 to 0.1
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Figure 20: Female round goby EOG responses to L-alanine and to water
conditioned by non-reproductive and reproductive male round gobies. EOG
responses of reproductive and non-reproductive females to
10'5 M L-alanine
(t3o=3.273, P=0.003) and to water conditioned from non- reproductive
(ti6=3.2.410, P=0.028) and reproductive males (ti6=2.136, P=0.048). Non-rep =
non reproductive, Rep = reproductive.
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mV. Non-reproductive female (N = 7) responses did not respond at this dilution.
Non-reproductive male conditioned water did not elicit responses in either
reproductive or non-reproductive females at this dilution (Figure 21).
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Figure 21: Dose response curves for reproductive and non-reproductive females
in responses to reproductive and non-reproductive male conditioned water. RF=
reproductive female, NRF = non-reproductive female, RM = reproductive male,
NRM = non-reproductive male
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d) Variation In Responses Of Reproductive And Non-Reproductive Female
Round Gobies To Conditioned Water From Reproductive And Non-Reproductive
Male Round Gobies

The average EOG responses from reproductive females to individual
reproductive male conditioned water ranged from 4.62 mV to 20.83 mV.
However the results of a Kruskal-Wallis test indicate that there were no
significant difference among the mean (± SE) responses of reproductive females
in response to individual male conditioned water (p=0.43) (Figure 22a).
The results of Kruskal-Wallis statistical analysis indicate that there was no
significant difference among the mean (± SE) olfactory epithelial responses of
non-reproductive females in response to individual reproductive male conditioned
water (p=0.44) (Figure 22b). The mean values of all EOG responses of nonreproductive females to reproductive male conditioned water were under 5 mV
(Figure 22b). The mean responses from non-reproductive females in response to
reproductive male conditioned water ranged from 0.71 to 4.65 mV, with the
majority of them under 3 mV (Figure 22b).
All reproductive females responded to the application of non-reproductive
male conditioned water; however their responses were all under 5 mV, ranging
from 2.20 to 4.29 mV (Figure 23a). Overall, there was no significant difference
among these means (P=0.44) (Figure 23a).
The results of a Kruskal-Wallis test comparing the mean responses of
non-reproductive females to non-reproductive male conditioned water, indicated
no significant difference (P=0.43) (Figure 24b). The average responses of nonreproductive females to non-reproductive male conditioned water were under 2.5
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mV, ranging from 0.40 mV to 2.25 mV. The responses to L-alanine were still
always above 2 mV and therefore, the decrease in responsiveness was
exclusively due to the conditioned water.
The average responses of individual reproductive female round gobies
(n=9) to reproductive and non-reproductive male conditioned water were
analyzed using Student’s t-test.

Overall, eight out of the nine reproductive

females mean EOG response analyzed were significantly (p<0.05) larger when
exposed to reproductive male conditioned water than to non-reproductive male
conditioned water (Figure 24).

The average (± SE) EOG responses from

individual reproductive females to reproductive male conditioned water ranged
from 2.15 (± 0.3) mV up to 30.75 mV (± 4.26). Reproductive female responses to
non-reproductive male conditioned water ranged from 0.53 (± 0.07) mV to 7.75 (±
0.25) mV.
When the Student’s t-test was used to compare the mean responses of
individual non-reproductive females round gobies (n=8) to reproductive and nonreproductive male conditioned waters, the results showed that there was no
significant difference between the mean responses in seven out of the eight
cases (Figure 25). In two of the eight trials (*D060702 #1 and *D051002) (Table
2), the non-reproductive female demonstrated a larger mean EOG response to
non-reproductive male conditioned water (Figure 25).

Mean (± SE) responses

from individual non-reproductive females to non-reproductive male conditioned
water ranged from 0.06 (± 0.06) mV to 5.58 (± 0.7) mV. The mean (± SE) EOG
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responses obtained from these females when exposed to reproductive male
conditioned water ranged from 0.62 (± 0.07) mV to 5.59 (± 0.7) mV.
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T

Fem ales
C 250702

4.55

C 210702

1.45

C 080702

i.25

C090702 #2

3.9

C 280802

9.9

C 030902

2.15

C 090702

3.28

C 230702

44

D 13 0 8 0 2

1.25

2.95

3.25

3.3

D 070702

1.58

7.5

3.5

3.75
3.34

3.9

2.8

3.15

48

3.5

3.8
15.2

42

2.85

1.25

2.5

0.6

2.85

6.4

26.5

2.5
0.67
7.25

1.66

0.66

0.33

0.33

2.5

4.5

3.5

1.25

0.5

0.88
0.2

0.8

2.5
2.05

1.65

0.6

0.75

2.9

0.75

3.3
0.25

0.5 0.63

0.85

A = Reproductive m ale
B = N on-reproductive m ale

R esp o n se C o lo u rC o d e

over10.1m V
8.1-10.0 m V

C = Reproductive fem ale

6 .1 -8 .0 m V

D = No n-repro ductive fem ale

4.1 -6.0 m V
2 .1 -4 .0 m V
0 - 2 .0 m V

Table 2: Average responses (mV) of individual reproductive and non-reproductive females to individual reproductive and
non-reproductive male conditioned water
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2.57

17.98

C 280802 #2

D 0 6 0 7 0 2 #1

7.2

0.4

iii -STUDY 3 : OLFACTORY SENSITIVITY OF REPRODUCTIVE AND NONREPRODUCTIVE FEMALE ROUND GOBIES TO THE AQUEOUS AND
ORGANIC PHASES OF WATER CONDITIONED BY EITHER REPRODUCTIVE
OR NON-REPRODUCTIVE MALE ROUND GOBIES

1- Aqueous Phase of Conditioned Water
The conditioned water from four individual non-reproductive males was
separated using SPE cartridges.

The aqueous components from these

individual separations were presented over the olfactory epithelium of five
reproductive and five non-reproductive females. The responses obtained from
both reproductive and non-reproductive females were negligible (under 0.3 mV)
and most likely due to background electrical noise. During all of the trials, the
responses of all females to L-alanine were over 2 mV. This shows that the EOG
system was functioning properly and that all of the females had the potential to
respond to olfactory stimulation.

As long as the response to L-alanine was

always over 2 mV, any responses below this could be attributed to the compound
being presented and not because the system was malfunctioning.
The conditioned water from four individual reproductive males was also
separated using Sep-pak cartridges.

The aqueous components from these

individual separations were presented over the olfactory epithelium of five
reproductive and five non-reproductive females, each of which was randomly
selected. Responses obtained from the aqueous phase were minimal (0.1 mV)
and could possibly be attributed to electrical background noise. However, this
result indicated that the stimulatory molecules present in the conditioned water
had been trapped by the SPE cartridges.
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2 - Organic Phase o f Conditioned Water
The next step in this study involved quantifying the olfactory responses of
non-reproductive and reproductive females to the methanol-soluble organic
extracts of reproductive and non-reproductive male conditioned water. Four nonreproductive females were exposed the organic collections obtained from nonreproductive and reproductive males and the results of a Student’s t-test show
that there is no significant difference between the average response of nonreproductive females to non-reproductive and reproductive male organic phase
collections (t 0 .05 , 2 = 1-17, p= 0.36) (Figure 26a). Though the responses of the
non-reproductive females to both reproductive and non-reproductive male
organic reconstitutes were small, their responses to L-alanine were always above
2 mV.
Three reproductive females were also exposed to the reconstituted
methanol soluble organic collections from non-reproductive and reproductive
male conditioned water.

Results of a Student’s t-test reveal that there was a

significant difference between the average EOG responses of reproductive
females to non-reproductive (range 0.8 - 1.8 mV) and reproductive male (range
5.0 - 5.5 mV) organic collections from conditioned water (p<0.05) (Figure 26b).
When the mean EOG responsiveness of non-reproductive females to the
reconstituted methanol soluble organic extracts from non-reproductive males was
compared to the mean EOG response of non-reproductive females to non-
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reproductive male conditioned water, there was no significant difference between
the two (t o.o5,8 = 1 -26, p = 0.24) (Figure 27a). When non-reproductive female
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responses to reproductive male conditioned water and reconstituted methanol
soluble organic extracts were compared, there was no significant difference
between them (t 0 .05,11 = 1.13, p = 0.29) (Figure 27b).
A Student’s t-test was used to determine reproductive female responses.
When the average response of reproductive females to non-reproductive male
conditioned water was compared to those obtained from non-reproductive male
reconstituted methanol soluble organic extracts, the results of a student’s t- test
indicated that there was no significant difference between the two (t 0 .05,11 = 1-73,
p = 0.12) (Figure 27c). Similarly, when the responses of reproductive females to
reproductive male conditioned water and reconstituted methanol soluble organic
extracts were compared, there was no significant difference between them (t
0 .05,12

= 0.49, p = 0.63) (Figure 27d).
Based on this combined information, it is evident that the C-18 sep-pak

cartridges trapped compounds in the male conditioned water responsible for
eliciting EOG olfactory responses and that these compounds elute with
methanol.

The similar intensity of response further suggests that these

substances may have been solely responsible for the responses observed form
the conditioned water.
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v- STUDY 5: OLFACTORY RESPONSES OF REPRODUCTIVE AND NONREPRODUCTIVE FEMALE ROUND GOBIES TO HPLC FRACTIONS DERIVED
FROM REPRODUCTIVE OR NON-REPRODUCTIVE MALE CONDITIONED
WATER
1- HPLC Fractions
The fifty separate HPLC fractions derived from male conditioned water (as
explained in Materials and Methods) were tested for EOG olfactory response
against reproductive and non-reproductive females. Overall, there was a trend of
reproductive females responding more strongly than non-reproductive females to
both non-reproductive and reproductive male HPLC fractions (Figure 28). When
reproductive females were exposed to reproductive male HPLC fractions, the
mean responses ranged from a low of 1.55 mV (fraction 67) to a high of 16.4 mV
(fraction 34).

When non-reproductive females were exposed to reproductive

male fractions, the mean responses ranged from 0.29 mV (at fraction 66) to 2.39
mV at fraction 47. The responses of the non-reproductive females to each of the
reproductive male fractions were all under 3 mV (Figure 28 a).
When reproductive females were exposed to non-reproductive male
fractions, the mean responses ranged from 1.0 mV (at fractions 21, 63 and 65)
up to 8 mV (fraction 35).

When non-reproductive females were exposed to

HPLC fractions from non-reproductive male fractions, the overall means were
very low, ranging from 0.1 mV (fraction 61) up to only 1.75 mV (fractions 39 and
49). Though the responses of non-reproductive females to the non-reproductive
male HPLC fractions were low, the responses to L-alanine were always above 2
mV.
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The overall trends of responses of reproductive and non-reproductive
females when exposed to non-reproductive and reproductive male fractions show
that reproductive females are responding to specific HPLC fractions. The highest
EOG responses were obtained from reproductive females in response to
reproductive male fractions (Figure 28a).

Fractions collected at elutions at

minutes 29 and 30 elicited average EOG responses above 8 mV, and minutes 31
to 40 elicited EOG responses above 10 mV. In comparison, when reproductive
females were exposed to these same HPLC fractions from non-reproductive
males, the responses were much lower (Figure 28b).
When student t-tests were used to compare the difference in the mean
EOG responses of non-reproductive and reproductive females to individual nonreproductive and reproductive male HPLC fractions, non-reproductive females
responded significantly more to fifteen of the fifty fractions and none of these
were within the peak HPLC fractions, calculated from means. Six of the fifteen
differences were highly significant (Table 3a). However, results of the t-tests that
compare the difference in the mean EOG response of non-reproductive and
reproductive females when exposed to reproductive male fractions show a
different outcome. In 37 of 50 cases, the EOG response of reproductive females
responded significantly more than non-reproductive females to reproductive male
fractions (Table 3b).

Of particular interest are the peak HPLC elutions times

(minutes 29 to 46). Within these fractions, there are highly significant differences
(Table 3b).

These results indicate that reproductive females are responding

more to specific HPLC elutions fractions. Since the elevated EOG responses are
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obtained from an adjacent group of fractions, it is likely that all of these fractions
contain compounds with similar structure and hydrophobicity.

These results are

important because they show that the stimulatory molecules from the conditioned
water most likely elute within the peak HPLC fractions (29 -40) and that this could
be the location of the most important pheromones.

81

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

0>
</>
c
o
Q.
w>
^

2

25

A. Reproductive Male
•
°

20

Reproductive female
Non-reproductive female

£

us (/)

</> ®
+1 CO

15

w E
o

® 10
LU ^
c
(0
5
CD

I
gSgOpgi;lno5°n 5n55^ Q5SooDo5DS50oDi Q||oJ
t—r—i— i—'—i—'— i—'—i—'—i—■— i 1— r
OL

—

i

i

i

l

I

I

I

I 1"■

j | on; l a
i

i

i w <w

15 20 25 30 35 40 45 50 55 60 65
HPLC fractions (min)

25n B. N on-reproductive Male
R eproductive female
N o n-rep ro du ctive fem ale
LU (0
CO a)

°Q 0 ? ° °

< j) O g g Q tj> 0 n n

■

HPLC fractions (min)
Figure 28: Mean (± SE) EOG response of reproductive and non-reproductive
females to A) Reproductive and B) Non-reproductive male HPLC fractions
derived from conditioned water. HPLC minutes represent the elutions times of
the various fractions.

82

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table 3: Results of t-test comparing EOG mean response of non-reproductive (A)
and reproductive female (B) round gobies when exposed to non-reproductive and
reproductive male HPLC fractions at 1/100 dilutions

significant difference (p<0.05)
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v - STUDY 5: REPRODUCTIVE AND NON-REPRODUCTIVE FEMALE DOSE
RESPONSE STUDIES TO STEROIDS IDENTIFIED AS THE PHEROMONE
CANDIDATES
Olfactory epithelial dose response studies were conducted to determine
the olfactory sensitivity of reproductive and non-reproductive females to steroids
identified as putative pheromones from biochemical studies following the
introduction
preparation).

of androstenedione

to testicular tissue

(Arbuckle

et al.

in

At concentrations of 10"8 M and 10'9 M, 11-keto-androstenedione

evoked olfactory responses in non-reproductive and reproductive female round
gobies.

There was no significant difference between the mean response of

reproductive and non-reproductive females at 10‘8 M to 11-keto-androstenedione
(t o.o5,2 = 3.79, p = 0.63). Threshold for both was reached at 10'1° M. There was
a significant difference (p< 0.05) compared to background water at 10'8 M (Figure
29) for both non-reproductive and reproductive females.
At concentrations of 10'8 M and 10'9 M 11-keto-testosterone (11-keto-T)
elicited a response from both non-reproductive and reproductive females.
Threshold was reached at 10'9 M. At 10'8 M there was a significant difference
between the mean responses of reproductive and non-reproductive females (p<
0.05).

However, at 10'9 there was no significant difference between the two

stages (t 0.0 5, 4 = 0.67, p = 0.54). At 10'8 M, there was a significant difference
compared to background water (p< 0.05) (Figure 30).
At 10'8 M, etiocholanolone (ETIO) evoked responses under 2 mV from
both non-reproductive and reproductive females. There was no significant
difference between the mean response of reproductive and non-reproductive
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females at this concentration (t 0 .0 5 ,6 = 0.16, p = 0.88). Responses were recorded
at 10'9 M, 10'1° M and 10'11 M (Figure 31). However, no responses we recorded
at 10'12 M or 10'13 M.

There was a significant difference compared to

background water at 10'8 M and 10'9 M for both reproductive and nonreproductive females.

There was

no difference

in response

between

reproductive and non-reproductive females at any of the different concentrations.
Though the response by reproductive and non-reproductive females to the
steroid was low, the responses to L-alanine were always above 2 mV.
For ETIO-glucuronide, responses were recorded from non-reproductive
and reproductive females at 10'8 M, 10"9 M and 10'1° M. At 10'8 M, there was a
significant difference between the mean response of reproductive and nonreproductive females (p< 0.05). At 10'9 M, there was no significant difference
between the average response of the reproductive and non-reproductive females
(to.05 ,6 = 0.89, p = 0.40).

There was a significant difference (p< 0.05) compared

to background water at 10'8 M and 10'9 M for both reproductive and nonreproductive females (Figure 32).
Etiocholanolone-K+- sulphate elicited EOG responses in non-reproductive
females at 10'8 M, 10'9 M, 10'1° M, and 10'11 M (Figure 33). Threshold for nonreproductive females was reached at 10"12 M.

For reproductive females,

responses were also obtained at 10'8 M, 10'9 M, 10‘1° M, and 10'11 M. There was
a significant difference between the average response of reproductive and nonreproductive females at both 1CT8 M and 10"9 M (p<0.05). At 10'1° M, there was
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Figure 31: Dose response curve of reproductive (N = 4) and non-reproductive
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no significant difference between the average response of reproductive and nonreproductive females to etiocholanolone-K+- sulphate (t 0 .05,2 = 0.3.88, p = 0.06).
All responses for 11-keto-ETIO obtained from both reproductive and nonreproductive females were under 2 mV. Responses were recorded at 10'8 M,
10'9 M, 10'1° M and 10"11 M concentrations (Figure 34).

The threshold

concentration for an EOG response to 11-keto-ETIO was 10'11 M. At 10'8 M, 10'9
M, 10'1° M concentrations, the responses to 11-keto-ETIO were significantly
greater (p< 0.05) than background water. The results of a student’s unpaired ttest indicate that there is a significant difference in the mean EOG response of
reproductive and non-reproductive females to 11-keto-ETIO at 10'8 M (p<0.05).
Though the responses of reproductive and non-reproductive females to 11-ketoETIO were all under 2 mV, their response to L-alanine was always above 2mV.
Threshold for 11-keto-ETIO-glucuronide was reached at 10'11 M for both
non-reproductive and reproductive females (Figure 35). At 10'9 M, 10'1° M and
10"11 M, all responses from both reproductive and non-reproductive females were
under 1 mV.

At 10"8 M, non-reproductive female response to 11-keto-ETIO-g

was also under 1 mV; however, the average reproductive female response was
close to 4 mV (Figure 35). There was a significant difference in the mean EOG
responses of reproductive and non-reproductive females to 11-keto-ETIO-g at
10"8 M (p<0.05). At 10'9 M, there was no significant difference between the two
(t 0 .05 ,6 = 1-26, p=0.25). There was a significant difference (p< 0.05) compared to
background water for both sets of females at 10"8 M, 10"9 M. All responses to Lalanine were above 2 mV for both reproductive and non-reproductive females.
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Figure 34: Dose response curve of reproductive (N = 4) and non-reproductive
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Figure 35: Dose response curve of reproductive (N = 4) and non-reproductive
(N = 4) females for 11-Keto-ETIO-glucuronide at 10'8, 10'9, 10'10, 10'11 10'12 and
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The results of these tests show that reproductive females respond significantly
greater than non-reproductive females to odorants, and in this case, specific
steroids.

Reproductive females responded significantly more to 11-keto-

testosterone,

ETIO-g,

concentration of 10"8 M.

ETIO-K+-S,

11-K-ETIO

and

11-K-ETIO-g

at

a

These dose response studies also demonstrate that

both reproductive and non-reproductive females respond with the greatest
olfactory sensitivity to ETIO and ETIO-K+-S. Both of these were detected at
10'11 M concentrations.
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DISCUSSION________________________________________________
i - Criteria for Identifying Reproductive Female Round Gobies
During the process of male reproductive pheromone identification, we
needed to assess olfactory responses from female fish that would most likely be
responding to these pheromones in their native environment.

The ovaries of

these reproductively mature females should contain mature oocytes ready for
ovulation. Since previous study has shown that ovarian fluid from females with
swollen abdomens had stimulated male courtship behaviour in the frillfin goby
(Tavolga 1956), we used this criterion for identifying reproductive females. The
examination of the ovarian properties has indicated that the physical appearance
of females (swollen abdomen without prior feeding) is an appropriate indicator of
reproductive maturity and the females used for this study were classified
correctly. The appearance of the peripheral germinal vesicle within oocytes from
these ovaries, agreed with diagrams from Gobius Panizzae oocytes (Eggert
1931) and the egg size confirmed measures observed in reproductively mature
round gobies from the Sea of Azov (Kulikova 1985).

A similar egg size was

previously recorded from round gobies captured from the Detroit River and Lake
Erie during the summers of 2001 and 2002 (Belanger 2002).
In female round gobies from the Sea of Azoz, that were within one week of
spawning, GSI values measured greater than 9 (Kulikova 1985). These same
criteria were also applied to all female round gobies with extended abdomens
used in this study, and earlier observations of round gobies in the Detroit River
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and Lake Erie (Belanger 2002), and the Sea of Azoz (Moiseyeva 1972; Kovtun
1977).
Likewise, GSI values of non-reproductive female round gobies fell within
the ranges described for females during the fall and winter in the Sea of Azov
(Kulikova 1985). This suggests that Detroit River and Lake Erie non-reproductive
females are similar to those found during the fall and winter in the Sea of Azov
and that they have not yet put forth an increase in energy towards reproduction.
The females classified as non-reproductive had low GSI values, oocytes
that had not increased in size by the accumulation of yolk and no well defined
germinal vesicle. The reproductive females on the other hand had higher GSI
values, significantly larger egg diameters because the oocytes had increased in
size due to the accumulation of yolk and the germinal vesicle was visible,
indicating an enlarged nucleus.
Since allocating resources to reproduction is costly (Miller 1984) and may
increase risk of predation (Calow 1976) it is unlikely that females will put forth the
energy required to produce mature eggs without expecting the return of offspring.
It would be adaptive for sexually ripe females to respond to and produce
pheromones in order to communicate their readiness to spawn to males that are
also reproductively mature. Behaviours associated with pheromones are innate,
and females that use pheromones to increase their reproductive rates would
prosper and pass this instinct down to their offspring. Though males do not
improve their survival rates with the use of pheromones (because they usually
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die after spawning), their fitness (i.e. production of successful descendents)
enhanced by the use of pheromones.
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ii- R e p ro d u c tiv e m a le s r e le a s e p h e ro m o n e s

The

strong

EOG

responses from

reproductive females

to

water

conditioned by reproductive males, compared to water conditioned by nonreproductive males, infer strong olfactory epithelial responses, subsequent high
frequency firing of action potentials in the olfactory nerve, and increased synaptic
neurotransmission to the olfactory bulb.

The increased OSN activity likely

stimulates a sequence of events that allows for reproductive females to use male
reproductive pheromones for distinguishing between reproductive and nonreproductive males. The EOG responses that we observed following stimulation
with diluted conditioned water corroborate results from behavioural experiments
which showed that reproductive female round gobies were attracted to water
conditioned by reproductive males, and not to water which contained nonreproductive males (Corkum 2003).

Therefore, both the physiological data

(EOG) and behavioural data support the hypothesis that the male pheromone is
used to attract reproductive females to nests with reproductive males.

The life

history of this species also supports the existence of sex pheromones. The nests
are located in murky and dark substrates, yet each male round goby succeeds in
attracting several females to a nest (Miller 1984). Reproductive males somehow
communicate their readiness to spawn, with chemical communication being an
obvious strategy.
This is the first study to directly show olfactory epithelial responses to
conspecific odours in any goby species (Gobiidae). Previous studies of the black
goby have demonstrated behavioural responses to water with male sex
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pheromone(s) (Colombo et al. 1980; Locatello et al. 2002). In his study of male
frilfin goby, Tavolga (1956) used nasal occlusion to demonstrate the requirement
of nasal structures for the courtship behaviour responses to water and extracts
with female pheromone(s).
Large EOG values have been observed in females of various species
exposed to water previously occupied by sexually active conspecific males
including Mozambique tilapia (Oreochromis mossambiaus) (Frade et al. 2002).
Likewise, olfactory activity has been observed to increase in amphibian females,
when stimulated by water in which sexually active conspecific males (eg. Cynops
pyrrhogaste), (Cedrini and Fasolo 1971).
An ability to discriminate between reproductive and non-reproductive
males is crucial for females to avoid wasting reproductive effort. This hypothesis
is supported by Li et al. (2002), who showed that ovulated female sea lamprey
(Petromyzon marinus) were more likely to choose a compartment of a Y-maze
that had been conditioned with washings from a reproductive (spermiating) male
than a compartment conditioned with washings from non-reproductive males.
The ability to discriminate between potential mates is not limited to females of a
species.

The tongue flicking rate of male lacertid lizards, Podarcis hispanica,

indicated differential responses to chemical cues from reproductive and nonreproductive females (Cooper and Perez-Mellado 2002). In the red-sided garter
snake (Jhamnophis sirtalis parietalis) (Shine et al., 2003) showed that both vision
and female sex pheromones were important for males to discriminate between
large and small females.
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iii- The Pheromone May Be a Steroid
Some substances originating from the gonads have pheromonal activities
that elicit reproductive and courtship behaviour in the frillfin goby (Tavolga 1956)
and the black goby (Colombo et al. 1982).

Properties of EOG responses

recorded from reproductive female round gobies, support the hypothesis that
male reproductive pheromone is a steroid, or a mixture of steroids, which are
most likely conjugated. These characteristics include the strong EOG responses
following stimulation of the olfactory epithelium of reproductive females by the
organic extract of reproductive male conditioned water, specific HPLC fractions
of this water and round goby testicular steroids with HPLC elution properties
matching conditioned water HPLC fractions with strong olfactory potency.
The elevated EOG responses to the organic extract, and absence of
responses to the aqueous component of the conditioned water following passage
through C-18 SPE, show that the stimulatory compounds responsible for the
olfactory activity were captured in the methanol extract. The SPE cartridge and
methanol elution procedure has been previously used for isolating fish steroids
(e.g. Vermeirssen and Scott, 1996; Sherwood et al. 1991) and has been coupled
to EOG analysis during the isolation of the sea lamprey bile acid male sex
pheromone (Li et al. 2002).
The very strong EOG responses recorded from reproductive females to
specific HPLC fractions, and not to fractions from non-reproductive males,
indicate that reproductive males release specific odorous products. These may
be steroids, as these compounds have been previously isolated by HPLC
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fractionation (Vermeirssen and Scott 1996), and prostaglandins do not stimulate
olfactory responses in round gobies (Murphy et al. 2001).
The reproductive sex pheromone may be among the seven androgens
produced by round goby testicular tissue (Arbuckle et al., in progress) that co
eluted from the HPLC with fractions evoking high EOG responses. The
androgen,

11-keto-testosterone,

produced

during

the

major part of the

reproductive cycle of male teleosts, first isolated from incubations of the Atlantic
salmon (Idler and MacNab 1967), is the androgen that has usually been
considered to be characteristic of teleost fish. The widespread occurrence of 11 keto-testosterone makes it an unlikely candidate as a pheromone, and it is not
surprising that its olfactory potency is low in reproductive round gobies.

The

EOG values for 11-keto-testosterone were similar to those reported by Murphy et
al. (2001) in non-reproductive round gobies. A precursor to 11-keto-testosterone,
11- keto-androstenedione (Hart 1995), also evoked low EOG responses.

A

possible explanation for the low EOG response of non-reproductive and
reproductive to these two steroids could be that these are not released into the
water.

In male white suckers (Catostomus commersoni), 11-keto-testosterone

and androstenedione levels are highest in pre-spawning fish and lowest in spent
fish (Scott et al. 1984). Therefore, it is likely that these steroids are produced by
the round goby, but may act solely as precursors to the other steroids produced
and are not used directly as pheromones.
Derivatives of the androgen,

ETIO,

may function

as reproductive

pheromones in the round goby. We confirmed previously observed (Murphy et
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al. 2000) low EOG detection thresholds for these compounds (10'1° M),
compared to thresholds for androstenedione and 11-keto-testosterone (10'8 M).
This low response threshold is not surprising.

Approximately half of the fish

species tested by EOG and or through behaviour assays have been found to
detect one or more gonadal steroids at sub-nanomolar concentrations (reviewed
by Sorensen and Caprio 1998), and according to Karlson and Luscher (1959),
pheromones, as chemical messengers, should be active in minute amounts.
The response magnitude of reproductive female round gobies to ETIO-g,
11-keto-ETIO, and 11-keto-ETIO-g, was elevated, compared to responses from
nonreproductive

females.

The

derivative,

11-keto-ETIO-g,

displayed

exceptionally strong olfactory potency when presented to the olfactory epithelium
of reproductive females at 10"8 M concentrations.

This steroid has not been

previously identified as a pheromone in any species.

However, ETIO-g, which

evokes gill ventilation responses in the round goby (Murphy et al. 2001) attracts
females and stimulates oviposition in the black goby (G. jozo; Colombo et al
1982).

It may be released via urine (Colombo et al. 1982) or by milt discharge

on egg-laying substrate in preparation for female oviposition (Tavolga 1954; Ota
et al. 1996; Locatello et al. 2002).
Steroid glucuronides are often released by males as attractants of female
conspecifics.

Ovulation is induced in female zebrafish (Brachydanio rerio) by

steroid glucuronides that are produced in the testis of the males (van den Hurk et
al. 1987; van den Hurk and Resink 1992).

In male African catfish (Clarius

gariepinus), the interstitial cells of the seminal vesicle and testes synthesize
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steroid glucuronides which attract ovulated females (van den Hurk and Resink
1992). Electro-olfactogram recordings demonstrated that each component of the
pheromone steroidal mixture was detected by the African catfish with detection
thresholds as low as 10‘11 M (Resink et al. 1989).

In the grass goby

(Zosterisessor ophiocephalus) reproductive male seminal vesicles secrete a
sialoglycoprotein-rich fluid that is mixed with sperm and released as sperm trails
over the nests substratum before egg deposition (Mazzoldi et al. 2000). These
seminal vesicles are completely devoted to mucin production in reproductive
males, while they are mainly used for sperm storage in sneaker males
(Scaggiante et al. 1999).

Therefore potential exists for this trail to serve as a

pheromone to attract females.

Reproductive male round gobies may also

secrete a similar compound which could be found in the conditioned water
collected for this study.
The 5ft-reduction of steroids and their conjugates as glucuronides or
sulfates are usually steps to abolish hormonal activity and to facilitate urinary
excretion, since conjugated steroids are released from the body and are more
soluble in water than free steroids (Kime 1993).

It is therefore reasonable to

regard a massive testicular synthesis of water-soluble conjugates as an
adaptation for steroid export in a surrounding aqueous medium. A prominent
mesorchial gland with steroidogenic features has been described within the testis
of gobiids such as Gobius paganellus (Stanley et al. 1965) and G. jozo (Locatello
et al., 2002). The Leydig cells of the round goby may form a similar structure at
the tesicular site of steroid synthesis and released. As the hormones that are
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synthesized by a fish reflect their stage of reproductive maturity (Kime 1993),
reproductive female round gobies that detect gonadal secretions could use this
information to determine whether a potential mate is ready for fertilization and
could attain a selective advantage over females without this ability.
Compared to their responses to reproductive male conditioned water, both
reproductive and non-reproductive females did not exhibit very large responses
to individual steroids. This disparity may indicate that the sex pheromone is a
mixture of several metabolites, as has been suggested for several fish species
For examples, the urine of the Pacific herring, Clupea harengus, and North Sea
plaice, Pleruonectes platessa, contain a variety of steroids (Scott et al 1991).
Mixtures of chemicals in species-specific ratios are critical for inducing
behavioural responses in insects (review by Kaissling 1996). On the other hand,
individual steroids induce physiological effects important in reproduction in
goldfish (Dulka et al. 1987; Stacey et al. 1989) and common carp (Stacey et al.
1994).

Although ovulated female G.jozo are attracted to single steroids

(Colombo et al 1982), this may not be the case for female round gobies. Tavolga
(1956) was able to induce courtship behaviour in male B. soporator using only
ovarian fluids from ovulated females. Ovarian fluid likely contains more than one
type of detected pheromone. A single steroid may not be sufficient for chemical
communication of reproductive status in the round goby and they may rely on a
mixture in which the ratios of active components are important.
The linear relationship between odorant concentration and EOG amplitude
is unusual for physiological processes which usually saturate at high doses. The
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EOG displays voltage events, and is not limited to measuring olfactory generator
potentials from the olfactory epithelium.

As the concentration of an odourant

increases, it becomes an irritant and the trigeminal innervation system is evoked
(Finger et al. 1990; Silver 1990). Non-olfactory trigeminal nerves have been
demonstrated in the olfactory epithelium of rats and tiger salamanders (Bouvet et
al. 1987; Finger et al. 1990). However, the maximal odorant concentration used
in this study (10"8 M), is sufficiently low to be within the concentration range for
olfactory, rather than trigeminal stimulation.
This study is important because it is the first to look at the olfactory
epithelial responses of female round gobies in response to steroids that are
identified as being produced by male round gobies.

Taken together, the

response of females to the methanol-soluble organic phase conditioned water
separation, the EOG responses of reproductive females to specific HPLC
fractions, the fact that gonadal steroids are present in these fractions and the
olfactory sensitivity of females to these steroids, this evidence lends support to
the hypothesis that the pheromone released by reproductive male round gobies
may be a steroid.
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iv- Strong Olfactory Responses in Reproductive Female Round Gobies
While using physiology (EOG) to help isolate a reproductive pheromone in
reproductive male round gobies, an interesting pattern emerged with respect to
female EOG responses. In almost all cases, reproductive females demonstrated
greater olfactory sensitivity to conspecific odours and putative pheromones than
non-reproductive females. This study is the first to show that in round gobies,
reproductive status may influence the olfactory epithelial responses of females.
The first evidence for this hypothesis was observed when females were
exposed to L-alanine and to male conditioned water.

Reproductive females

always displayed greater EOG responses than non-reproductive females.
Similarly, when females were exposed to male conditioned water methanol
soluble organic extracts, reproductive female EOG responses were significantly
larger than non-reproductive females. Colombo et al. (1982) observed that only
ovulating female G. jozo (as opposed to non-ovulating females) exhibited
reproductive behaviour (attraction and oviposition) in response to ETIO-g.
The significance of the increased olfactory epithelial response to L-alanine
during reproduction is unknown.

According to Miller (1984), due to high

expenditure of material and energy for reproduction, there is usually a
corresponding reduction of that available for other metabolic need such as
maintenance and growth. One plausible explanation for the increased olfactory
sensitivity could be that reproductive females have increase OSN sensitivity.
Eisthen et al.

(2000) proposed that an

increase in olfactory epithelial

responsiveness to a pheromone may be generated by the physiological changes
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that occur during reproduction. Alternatively, perhaps reproductive females have
developed an increased sensitivity to food cues rather than expend extra energy
for foraging while reproductive.

Because of the energy needed during

reproduction, reproductive females may need to be more efficient at finding food.
During the study, it was also discovered that reproductive females
respond significantly more to certain reproductive male HPLC fractions than nonreproductive females. This lends even more support to the hypothesis that there
is a difference between the olfactory responsiveness of reproductive and nonreproductive female round gobies to conspecific male odours.
When the putative pheromones were tested for olfactory epithelial
sensitivity, reproductive females demonstrated larger EOG responses to each
one of them, except for ETIO. The receptiveness to some olfactory attractant or
releasers may vary with the maturation stage of the fish.

Resink et al. (1989)

found that the behavioural response of the females to various steroids was
dependent on ovulation. Similarily, Colombo et al. 1980 demonstrated that only
female black gobies containing ovulated eggs would show a behavioural
response to 3a-hydroxy-5ft-androstan-17-one-glucuronide.

These findings

contrast with those of Sorensen et al. (1987) who showed that neither gender nor
the reproductive condition of the goldfish affected the EOG response to the
pheromone 17,20R-P.
The research on ovulated black gobies conducted by Colombo et al.
(1980), and the hypotheses suggested by Eisthen et al. (2000), along with the
present research suggest that it may be necessary for female round gobies to be
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reproductive to discriminate between conspecific male odours and putative
pheromones, and that reproductive status may affect olfactory responses to
feeding cues as well.
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CONCLUSION_______________________________________________
The research presented in this thesis is important because it is the first
study to clearly show that reproductive female round gobies exhibit olfactory
epithelial responses to conspecific odours from males that may contain
pheromonal compounds and to steroidal putative sex pheromones identified from
gonadal incubations.

In addition, this work has shown that the reproductive

status of the female may be a factor in detecting pheromones via the olfactory
epithelium.

Reproductive females overwhelmingly showed significantly greater

EOG responses to the various conspecific odours and extracts than nonreproductive females.
Though these findings suggest that the round goby has evolved a complex
pheromone system, further research is required to determine the specificity and
chemical make-up of the pheromone and the behavioural responses of females
to the pheromone.

The order Perciformes is the largest order of vertebrates and

species from this order dominate marine ecosystems (Nelson 1994).

Further

understanding of the round goby pheromonal system may help fisheries
biologists find a natural and feasible approach to manage the populations of this
fish from this order, as well as other teleost species.
The round goby pheromone project incorporated many disciplines to help
solve a common goal. This project used EOGs to help answer the physiological
questions regarding round goby chemical communication.
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FUTURE STUDIES___________________________________________

The study of reproductive pheromones in the round goby is still in its
preliminary stages and many future projects can be developed.

This entire

study could be performed in reverse, to determine the olfactory epithelial
sensitivity of reproductive and non-reproductive males to female conspecific
odours and extracts. It is likely that there is cross talk between male and female
round gobies. In other words, females may also release a pheromone that the
male round gobies respond to and understanding this process could prove very
useful.
To lend support to the hypothesis that the reproductive pheromone is
eluted within the peak HPLC fractions, it would be interesting to see whether
females respond behaviourally to the same peak HPLC fractions.

Since a

pheromone by definition elicits a specific reaction in the individuals who receives
it, would strengthen the argument that a pheromone elutes within the peak
fractions.
Determining whether or not there are any morphological differences
between non-reproductive and reproductive female olfactory epithelium could
also be useful. Measuring the area of olfactory epithelium of both reproductive
and non-reproductive females and immunologically staining for Ga0if. and Gao
might reveal difference in the number of OSN present in each and explain why
reproductive females display higher EOG amplitudes.
A second interesting project would be to try and isolate the source of the
pheromone release.

The males could be placed in a chamber with a rubber
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divider to separate gills from the rest of the body and conditioned water could be
collected. Ovarian fluid could be extracted and tested as well.
In order to incorporate these findings into integrated pest management
strategies, it is important to gather further information on the precise chemical
composition of the male released pheromones.

Once the pheromone is

identified, field test could be conducted to determine whether pheromones traps
are a practical and economical method of controlling round goby populations
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APPENDIX A
E q u ip m e n t

Kopf Verticle Pipette Puller
Model 720
David Kopf Instruments
Tujunga, California USA
Pre-Amp
Grass
Low level D.C. Amplifier
Model 7P122P
Grass-Telefactor
West Warwick, Rl
Polygraph
Model 79
115 volts
60 freq
Grass-Telefactor
West Warwick, Rl
Software
Polyview Data Acquisition and Analysis System
version 2.5
Grass-Telefactor
West Warwick, Rl
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APPENDIX B
C h e m ic a ls
1-

L-alanine

(C3 H7 NO2 ),(MW = 89.09 g/mol)

Sigma-Aldrich
ca t# A-7627
2-

11-Keto-Etiocholanalone

(MW = 304.42 g/mol)

5li-androstan-3a-ol-11, 17-dione
Steraloids Inc
cat # A3460-000
3-

Etiocholanalone

(FW

= 290.4 g/mol)

58>-androstan-3a-ol-, 17-one
Sigma
cat# E-5126
4-

Etiocholanalone Potasium Sulphate
58>-androstan-3a-ol-11, 17-one sulfate, potassium salt
Steraloids
A3638-000

5-

Etiocholanalone-glucuronide (MW = 466.56)
5p-androstan-3a-ol-17-one glucosiduronate
Steraloids
A3625-000

6-

11-keto-etiocholanalone-glucuronide
gift from Dr. A.P. Scott, CEFAS, UK

7-

11-keto-testosterone (MW = 302.41 g/mol)
4-androsten-17|3-ol-3, 11-dione
Steraloids
A6720-000
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8-

11-keto-androstenedione (MW= 300.39)
Steraloids
A27250-000

9-

Sodium Chloride (NaCI), FW = 58.44 g/mol
Fisher Scientific
cat # P-271 78443

10-

Potassium Chloride (KCI), FW = 74.56 g/mol
Fisher Scientific
cat # P-217

11-

Finquel (MS-222)
Tricane Methanesulfonate
Argent Chemical Lab

12-

Flaxedil (C30 H60N3O3 I3 ), FW = 891.5 g/mol
Gallamine Triethiodide
Sigma
cat #

13-

Gelatin
BBL Gelatin
Bacteriological gelatin
Becton Dickinson
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APPENDIX C
R e c ip e s

Stock Solutions
Stock A = 27.6 g sodium phosphate dibasic (Na2HP04) in 1L of distilled water
Stock B = 28.4 g sodium phosphate monobasic (NaH2P04*H20 ) in 1L distilled water

0.1.M Phosphate Buffer, pH = 7.4
460 ml_ of stock A
1540 ml_ of stock B
200 ml_ of distilled water
4% Paraformaldehyde
4g of paraformaldehyde
100 mL distilled water
1. Dissolve the paraformaldehyde in distilled water and heat to 55°C.
2. Add 3-4 pellets of NaOH to help dissolve the paraformaldehyde
3. Adjust pH to 7.4 with either HCI or NaOH
Zamboni’s Fixative
20g of paraformaldehyde
850 mL of 0.1 M phosphate buffer, pH = 7.4
150 mL of saturated picric acid (1.2%)
1.
2.
3.
4.

Dissolve paraformaldehyde in buffer and heat to 70°C
Add 3-4 pellets of NaOH to help dissolve the paraformaldehyde
Cool the solution. PICRIC ACID WILL EXPLODE IF HEATED !!
Add picric acid and adjust pH to 7.4 with either HCI or NaOH

Zenker’s Fixative
100 mL of distilled water
2.5 grams Potassium dichromate
5 grams of mercuric chloride
11 grams of sodium sulphate
5 mL glacial acetic acid
- Omit glacial acetic acid until immediately before use.
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APPENDIX D
Test Animal Information
Table 1: Animal identification code, length, weight and GSI for all reproductive
females used as test animal during electro-olfactograms.

Total Length
(mm)

Weight (g)

GSI

*0250702 #3

63

3.2

11.0

*0210702

68

4.8

13.5

*0250702

68

4.5

14.0

*0080702

59

4.3

10.1

*0090702 #2

116

17.3

10.8

*0280802 #1 a

72

5.8

9.4

*0030902

74

5.00

15.5

*0280802 #2

78

5.2

9.7

*0090702

71

6.9

13.2

*0230702

70

4.1

14.6

*0280802 #1b

72

5.7

9.39

*0080902

76

5.0

16.5

*0220702

70

7.1

12.1

*0280802 #1c

57

7.2

9.4

*0260702

85

8.7

10.3

*0080503

105

15.7

11.2

*0120503

90

8.8

9.1

*0160503

91

8.2

14

*0190503

9.2

11.5

10.7

*0200503

81

5.7

9.9

*0270503

86

8.7

14.2

*0060603

96

12.2

12.4

*0110603

81

7.0

10.4

Animal
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*C130603

79

5.6

10.3

*C160603 #1

72

4.6

14.1

*0160603 #2

80

5.9

11.0

*0240603

99

12.98

11.79

*0250603

85

7.39

10.0
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APPENDIX E
Table 2: Animal identification code, length, weight and GSI for all nonreproductive females used as test animal during elector-olfactograms.

Total Length
(mm)

Weight (g)

GSI

*D060702 #1

117

10.3

4.6

*D130802

8.9

8.95

3.1

*D110702

112

13.16

1.6

*D070702

121

19.84

4.3

*D170602

111

15.28

4.2

*D140802

9.1

7.82

1.1

*D050702

115

18.89

1.5

*D051002

81

6.15

1.78

*D060702 #2

107

13.95

2.9

*D120902

90

8.71

2.41

*D130902

81

7.91

2.79

*D190902

102

14.5

1.37

*D260902

88

5.8

3.74

*D270902

80

6.22

3.05

*D081002

90

8.25

1.9

*D111002

79

6.15

1.9

*D151002

75

8.91

3.03

*D181102

119

20.52

3.03

*D140503

96

10.14

4.7

*D200503

96

10.03

1.1

*D280503

92

8.99

2.45

*D110603

84

7.47

4.51

*D200603

86

6.9

3.6

*D020703

84

7.36

2.4

*D030703

9.1

8.43

3.56

Animal

119
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APPENDIX F
Table 3: Animal Id code, and lengths for reproductive males used to collect
conditioned water tested using the EOG bioassay

Total Length (mm)

Animal
A090702 -b

136

A240602

158

A090702 - a

112

A040702-a

235

A070702 - b

175

A040702- c

149

A040702 - d

196

Jen’s own

226

A250702

198

A170702 - d

110

A170702 - g

105

A170702 - i

130

120
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APPENDIX G

Table 4: Animal Id code, and lengths for non-reproductive males used to collect
conditioned water tested using the EOG bioassay

Total Length (mm)

Animal
B100702 - b

93

B160702- j

103

B100702 - c

85

B050702 - a

98

B050702 - b

101

B050702 - c

85

B050702 - d

95

B160702 - h

86

B100702 - a

105

B160702 - i

100

B130602

88

B160702 - g

89

121
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